Introduction {#sec0005}
============

A cluster of pneumonia cases of unknown origin was first reported in December 2019 in the city of Wuhan, Hubei, China. This disease, now named coronavirus disease 2019 (COVID-19), rapidly spreads from Wuhan to all countries around the world. On 30 January 2020, the outbreak of COVID-19 was declared as a Public Health Emergency of International Concern by the WHO, then as a global pandemic on 12 March 2020. Up to 18 April 2020, there were 2,313,897 confirmed cases of COVID-19 and 159,033 COVID-19-related deaths worldwide.

Huang et al. first reported the clinical features and outcomes of 41 COVID-19 patients admitted to a single Wuhan hospital [@bib0005]. Subsequently, several retrospective cohorts analyzed the clinical characteristic and the course of COVID-19 in patients suffering from mild to critical forms [@bib0010], [@bib0015], [@bib0020], [@bib0025], [@bib0030], [@bib0035], [@bib0040]. While most of COVID-19 patients suffer from mild to moderate symptoms and do not require hospitalization, 15--20% of patients progress to severe pneumonia resulting in hypoxia and respiratory failure which necessitate supportive care for critical illness and supplemental nasal oxygen, and 5% of them progress to acute respiratory distress syndrome (ARDS) or multiple organ failure (MOF) requiring admittance to an intensive care unit (ICU) with mechanical ventilation or extracorporeal membrane oxygenation (ECMO) [@bib0045].

Risk factors for developing ARDS and MOF throughout the course of COVID-19 are not fully understood yet. Due to their limited capacity, health care systems are facing an unprecedented critical crisis worldwide. Early optimized care may improve prognosis in patients at high risk for developing the most severe forms, however early identification of poor prognosis and risk stratification remains challenging. Therefore, reliable biomarkers or risk assessment models allowing to earlier predict poor prognosis are warranted to help physicians in decision making regarding the most appropriate therapeutic approach to further provide the best possible care for each individual patient.

D-dimers are degradation products of cross-linked fibrin produced when plasmin cleaves fibrin to break down clots. D-dimer testing is rapid, reproducible, inexpensive, and easily accessible. Early retrospective cohort studies of COVID-19 patients admitted to hospital reported increased baseline D-dimer levels in 36% to 43.6% of cases, [@bib0005], [@bib0010], [@bib0015], [@bib0020] particularly in patients admitted to ICU. In a recent pooled analysis of 4 studies including 553 patients, baseline D-Dimer levels were associated with COVID-19 severity [@bib0050]. While a retrospective cohort of 183 severe COVID-19 patients suggested that in the most severe cases high D-dimer levels could be related to disseminated intravascular coagulation (DIC) [@bib0055], two recent prospective studies aiming to characterize the coagulation profile of COVID-19 ARDS patients with standard and viscoelastic coagulation tests reported a pro-coagulant profile without evidence of DIC [@bib0060], [@bib0065].

In the present study, we reviewed all current available data on the association between D-Dimer levels and mortality in COVID-19 patients in order to assess the potential of D-dimer testing for predicting outcomes in patients admitted to hospital.

Methods {#sec0010}
=======

We performed a comprehensive literature search of published studies from all languages using MEDLINE and EMBASE through 13 April 2020. The following keywords (MeSH terms) were used: 'D-Dimer' AND ('Coronavirus disease 2019' OR 'COVID-19' OR 'SARS-CoV-2' OR 'novel corona' OR '2019-ncov'). We also screened pre-print articles from arXiv.

Studies were eligible to be included in the meta-analysis if they met the following inclusion criteria:•original cohort study;•written in English language;•reporting separately D-Dimers levels in hospitalized COVID-19 patients with fatal outcome and in those without fatal outcome.

No restriction was made on the patient disease severity (i.e. COVID-19 patients with moderate, severe or critical disease). Comments, letters to the editor, editorial, reviews, case reports and basic science studies were excluded.

Two authors (M.S. and C.F.) independently screened all records identified through database searching for study eligibility based on title and abstracts. The agreement between the reviewers for study selection was assessed using the kappa statistic [@bib0070]. Any discrepancies were resolved by consensus after discussion between the two authors or upon consensus from a third author (D.F.). The Newcastle--Ottawa scale was used to assess the studies quality and risk of bias [@bib0075].

Data were independently extracted by two authors \[including first author\'s last name, publication year, study design, country, study population, study period, sample size, sex, age, mortality rate, and means and standard deviations (SD) of D-Dimer in COVID-19 hospitalized patients with fatal outcome and in those without fatal outcome\] using a standardized data extraction form.

Continuous data were represented by mean, SD and standardized mean difference (SMD) with 95% confidence intervals (CI). For studies reporting medians and interquartile ranges (IQR), means and SD were estimated according to the algorithm proposed by Hozo et al. [@bib0080] Heterogeneity among studies was assessed by the I^2^ statistic, I^2^  \> 50% representing high degree of heterogeneity. A random-effects model was used in order to take into account within-study and between-study variance. Visualization of funnel plots was used to assess for publication bias. A *P*-value \< 0.05 was considered as statistically significant. All statistical analyses were performed using the Cochrane\'s Review Manager software (RevMan, version 5.3, Copenhagen, Denmark).

1. Results {#sec0015}
==========

A total of 26 records were identified through database searching, of which 20 were excluded because they were editorial (*n*  = 1), review article (*n*  = 1), basic science study (*n*  = 1), they were written in foreign (Chinese) language (*n*  = 5), they did not assess mortality as an outcome or they did not reported D-dimer levels separately in COVID-19 patients with fatal outcome and in those without fatal outcome (*n*  = 12).

Finally, 6 original studies enrolling a total of 1355 patients hospitalized for moderate to critical COVID-19 (391 in the non-survivor group, and 964 in the survivor group) were considered for the final pooled analysis. [@bib0025], [@bib0030], [@bib0035], [@bib0055], [@bib0085], [@bib0090] The agreement between authors for study selection was 100% (kappa statistic 1.0).

The main characteristics of included studies are summarized in [Table 1](#tbl0005){ref-type="table"} . All studies were retrospective cohorts conducted in China between December 2019 and February 2020 [@bib0025], [@bib0030], [@bib0035], [@bib0055], [@bib0085]. The duration of follow-up was unclear except in one study [@bib0030]. All studies were at high risk of bias according to the Newcastle--Ottawa scale.Table 1Characteristic of the studies included in the metanalysis.Table 1ReferenceYearStudy designCountryStudy populationStudy periodPatients, *n*Male, *n* (%)Age, median (IQR) or mean, yearsMortality rate (%)Chen et al. [@bib0025]2020Retrospective case seriesChinaModerately to severely ill or critically ill patients with confirmed COVID-19January 31, 2020--February 12, 2020274 (113 non-survivors and 161 survivors)171 (62)62 (44--70)14.1Tang et al. (A) [@bib0055]2020Retrospective, single-center cohort studyChinaConsecutive patients with confirmed COVID-19 admitted in a single centerJanuary 1, 2020--February 13, 2020183 (21 non-survivors and 162 survivors)98 (53.5)54.1 ± 16.211.5Tang et al. (B) [@bib0085]2020Retrospective, single-center cohort studyChinaConsecutive patients with confirmed severe COVID-19 admitted in a single centerJanuary 1, 2020--February 13, 2020449 (134 non-survivors and 315 survivors268 (59.6)65.1 ± 1229.8Tu et al. [@bib0090]2020Retrospective, single-center cohort studyChinaConsecutive patients with confirmed severe COVID-19 admitted in a single centerJanuary 3, 2020--February 24, 2020174 (25 non-survivors and 149 survivors79 (45.5)NR14.4Wu et al. [@bib0030]2020Retrospective, single-center cohort studyChinaConsecutive patients with confirmed COVID-19 admitted in a single centerDecember 25, 2019--Januray 26, 2020 Follow-up until February 13, 2020201 including 84 patients with ADRS: 44 non-survivors and 40 survivors)128 (63.7)51 (43--60)21.9Zhou et al. [@bib0035]2020Retrospective, multicenter cohort studyChinaConsecutive patients with confirmed COVID-19 admitted in 2 centersDecember 29, 2019--Januray 31, 2020191 (54 non-survivors and 137 survivors)119 (62)56 (46--67)28.2[^2]

The median age of patients ranged from 51 to 62 years. Most of patients (58.6%) were men. The mortality rate varied from 11.5 to 29.8% ([Table 1](#tbl0005){ref-type="table"}). Of note, most studies excluded patients who were still hospitalized at the end of the study period (i.e. neither recovered nor died).

Chen et al. [@bib0025] compared the baseline clinical and biological characteristics of 113 hospitalized COVID-19 patients who died with those of 161 hospitalized COVID-19 patients who recovered. D-Dimer levels were higher in non-survivors (median 4.6 μg/mL; IQR 1.3--21.0 μg/mL) compared to survivors (median 0.6 μg/mL; IQR 0.3--1.3 μg/mL).

Tang et al. (A) [@bib0055] compared several coagulation parameters, including the values of D-Dimer in 21 hospitalized COVID-19 patients who died with those of 162 hospitalized COVID-19 patients who recovered (*n*  = 78) or were still hospitalized (*n*  = 84) at time of study. D-dimer values were significantly higher in non-survivors (median 2.12 μg/mL; IQR: 0.77--5.27 μg/mL) compared to survivors (median 0.61 μg/mL; IQR: 0.35--1.29 μg/mL; *P*  \< 0.001).

The same authors \[Tang et al. (B)\] [@bib0085] reported baseline clinical and biological characteristics of 134 severe hospitalized COVID-19 patients who died and those of 315 severe hospitalized COVID-19 patients still alive at time of the analysis. D-Dimer levels were significantly higher in non-survivors (median 4.7 μg/mL; IQR 1.42--21.0 μg/mL) compared to survivors (median 1.47 μg/mL; IQR 0.78--4.16 μg/mL; *P*  \< 0.001) [@bib0025]. Multivariate analysis found a significant association between D-Dimer levels and the 28-days mortality \[Odds ratio (OR) 1.058; 95% CI 1.028--1.090; *P*  \< 0.001\].

Tu et al. [@bib0090] reported clinic-laboratory characteristics of 25 fatal cases of COVID-19 patients and those of 149 COVID-19 hospitalized patients discharged at time of analysis. D-Dimer levels were significantly higher in non-survivors (median 3.306 μg/mL; IQR 1.79--7.512 μg/mL) compared to survivors (median 0.66 μg/mL; IQR 0.37--1.108 μg/mL; *P*  \< 0.001).

Wu et al. [@bib0030] compared baseline clinical and biological characteristics of 44 COVID-19 patients with ARDS who died to those of 40 COVID-19 patients with ARDS who survived among 201 patients hospitalized for COVID-19. D-Dimer levels were significantly higher in non-survivors (median 3.95 μg/mL; IQR 1.15--10.96 μg/mL) compared to survivors (median 0.49 μg/mL; IQR 0.31--1.18 μg/mL; *P*  = 0.001).

Finally, Zhou et al. [@bib0035] investigated baseline clinical and biological characteristics of 54 hospitalized patients with COVID-19 who died and 137 hospitalized patients with COVID-19 who survived. D-dimer values were significantly increased in non-survivors (median 5.2 μg/mL; IQR: 1.5--21.1 μg/mL) than in survivors (median 0.6 μg/mL; IQ: 0.3--1.0 μg/mL; *P*  \< 0.001).

When pooling together the results from these 6 studies, D-Dimer levels were found to be higher in non-survivors than in-survivors. The SMD in D-Dimer levels between non-survivors and survivors was 3.59 μg/L (95% CI 2.79--4.40 μg/L) ([Fig. 1](#fig0005){ref-type="fig"} ), and the Z-score for overall effect was 8.74 (*P*  \< 0.00001), with a high heterogeneity across studies (I^2^  = 95%).Figure 1Forest plot of Standard Mean Difference of D-Dimer levels between non-survivors and survivors in the 6 included studies (random effect). Abbreviations: SD: standard deviation; St: Standard; CI: confidence interval.

2. Discussion {#sec0020}
=============

Retrospective cohorts early reported increased baseline D-dimer levels in one third of overall COVID-19 patients admitted to hospital [@bib0005], [@bib0010], [@bib0015], [@bib0020]. In two studies, significantly higher levels of D-Dimers were observed in small samples of patients with severe disease (i.e. admitted to ICU) compared to those with mild or moderate disease (i.e. not requiring an admission to ICU) \[1,4. A pooled analysis of 4 studies (553 patients) found an association between D-Dimer levels and the severity of COVID-19 disease [@bib0050].

Our pooled analysis now indicates that D-Dimer levels might be a useful marker for predicting mortality in COVID-19 patients admitted to hospital and suggests that D-Dimer testing on admission might be useful to early stratify patients with COVID-19 admitted to hospital and to further individualize treatment. However, it was not performed on individual patient data and the impact of potential confounders remains unknown.

Interestingly, Zhou et al. investigated numerous potential risk factors for in hospital-mortality in 191 patients hospitalized for COVID-19. In multivariate analysis, a D-dimer level \>1 μg/mL was the best predictor of mortality \[Odds ratio (OR) 18.42, 95% CI 2.64--128.55; *P*  = 0.0033\]. [@bib0035] Similarly, Tang et al. [@bib0085] reported that D-Dimer levels were significantly associated with 28-days mortality (OR 1.058, 95% CI 1.028--1.090; *P*  \< 0.001) in a retrospective cohort of 449 patients with severe COVID-19.

To the best of our knowledge, six risk assessment models (RAM) for predicting mortality among patients with suspected or confirmed COVID-19 have been yet developed. [@bib0095], [@bib0100], [@bib0105], [@bib0110], [@bib0115], [@bib0120] Only three of these RAMs included biological data (C-reactive protein, lactic dehydrogenase, and lymphocyte count). However, none of them included D-dimer levels as a predictor.

More recently, a retrospective study investigated the prognosis and the optimal cut-off values for baseline D-dimer levels to predict mortality in 343 COVID-19 patients. Thirteen deaths occurred during hospitalization. A D-dimer value ≥ 2.0 μg/mL at admission was found to be significantly associated with mortality (Hazard ratio 51.5, 95% CI 12.9--206.7). This cutoff value of 2.0 μg/mL predicts mortality with a C-index of 0.89, a sensitivity of 92.3% and a specificity of 83.3%. [@bib0125]

The mechanisms underlying the increase in D-Dimer in COVID-19 patients is not fully understood. In their retrospective cohort, Tang et al. found that 71.6% of non-survivors fulfilled the criteria for sepsis-induced coagulopathy (SIC) compared to 0.6% in survivors. [@bib0055] However, 2 recent prospective studies reported a pro-coagulant profile in COVID-19 ARDS patients using standard and viscoelastic coagulation tests without further evidence of DIC, [@bib0060], [@bib0065] indicating that the increase in D-Dimers levels, which is constantly observed in severe COVID-19 cases, might not be related to DIC. Moreover, in a prospective cohort of 184 patients admitted to ICU for COVID-19 pneumonia, none of the patients developed DIC. [@bib0130]

In the most severe cases of COVID-19, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection results in uncontrolled inflammatory innate and impaired adaptive immune responses, as reflected by increased serum levels of pro-inflammatory cytokines such as IL-6, IL-1β, IL-2, IL-8, IL-17, G-CSF, GM-CSF, IP10, MCP1, MIP1α and TNF [@bib0135]. Importantly, there is a crosstalk between inflammation and blood coagulation, the production of pro-inflammatory cytokines such as TNF-α, IL-1β and IL-6, leading to the upregulation of tissue factor (TF) expression on the endothelial cells and monocytes surfaces, further resulting in a procoagulant activity [@bib0140]. In addition, autopsy reports of COVID-19 patients found extensive neutrophil infiltration in pulmonary capillaries, with acute capillaritis and fibrin deposition, indicating that neutrophil extracellular traps (NETs) may contribute to organ damage and promote thrombosis [@bib0145]. Hypoxia has also been demonstrated to trigger a procoagulant activity through the upregulation of hypoxia-inducible transcription factors that modulate the expression of several coagulation and fibrinolysis factors such as tissue factor pathway inhibitor, TF, and PAI-1 [@bib0150]. Accordingly, there is mounting evidence that COVID-19 is associated with a prothrombotic state [@bib0060], [@bib0065] resulting in an increased risk of venous thromboembolism (VTE). Increased D-Dimer levels might simply reflect this prothrombotic state. Several case reports have documented an association between COVID-19 and the occurrence of pulmonary embolisms (PE) or in situ microvascular thrombosis [@bib0155], [@bib0160], [@bib0165]. In a chinese retrospective study of 81 severe COVID-19 patients admitted to ICU who were not under thromboprophylaxis, the prevalence of VTE reached 25% [@bib0170]. More recently, a prospective cohort of 184 patients admitted to ICU for COVID-19 reported a cumulative incidence of VTE of 27%, PE being the most frequent event [@bib0130]. Therefore, thromboprophylaxis is required in all hospitalized COVID-19 patients. A call for awareness regarding the need of adapted thromboprophylaxis in COVID-19 patients has been recently published [@bib0175].

Potential limitations of the present study should be acknowledged. First, our analysis included only observational retrospective studies conducted in a single country, which may have resulted in biases inherent to such studies. Selected studies were heterogeneous in terms of study design, study population, outcome definitions, and length of follow-up. Second, we converted non-normally distributed statistics (i.e. median and range) to normally distributed statistics (i.e. mean and SD), which may also have introduced some bias in the results. Finally, the amount of included studies and their sample size were limited.

In conclusion, evidence has emerged that D-Dimer testing in combination with clinical factors or other biomarkers might be useful to early stratify patients with COVID-19 admitted to hospital and to further individualize treatment. However, it seems premature to use D-Dimer alone to guide clinical decision-making. Further large prospective studies to validate the prognosis performances of D-Dimer and to determine the best cutoff value to be used are warranted.
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